The conserved, polar loop region of subunit c of the Escherichia coli F1F0 ATP synthase is postulated to function in the coupling of proton translocation through Fo to ATP synthesis in F1. We have used a random mutagenesis procedure to define the essential residues in the region. Oligonucleotide-directed mutagenesis was carried out with a random mixture of mutant oligonucleotides, the oligonucleotide mixture being generated by chemical synthesis by using phosphoramidite nucleotide stocks that were contaminated with the other three nucleotides. Thirty mutant genes coding single-amino-acid substitutions in the region between Glu-37 and Leu-45 of subunit c were tested for function by analyzing the capacity of plasmids carrying the mutant genes to complement a Leu-4-->amber subunit c mutant. All substitutions at the conserved Arg-41 residue resulted in loss of oxidative phosphorylation, i.e., transformants could not grow on a succinate carbon source. The other conserved residues were more tolerant to substitution, although most substitutions did result in impaired growth on succinate. We conclude that Arg-41 is essential in the function of the polar loop and that the ensemble of other conserved residues collectively maintain an optimal environment required for that function.
The F1F0 ATP synthase in the inner membrane of Escherichia coli catalyzes the synthesis of ATP during oxidative phosphorylation in a reaction that is driven by a proton electrochemical potential generated by a proton-pumping electron transport system (23) . Mitochondria and chloroplasts contain similar ATP synthases that are responsible for the synthesis of ATP during oxidative and photosynthetic phosphorylation. The ATP synthases are composed of two functionally distinct sectors termed F1 and Fo. The F1 portion is easily disassociated from the membrane, and in this soluble form, it retains the capacity to hydrolyze ATP.
The Fo portion traverses the membrane, and when isolated, it promotes the passive translocation of protons across the membrane. The complete F1F0 complex reversibly couples the synthesis or hydrolysis of ATP to proton translocation across the membrane (5, 23) . In E. coli, F1 is composed of five types of subunits in a stoichiometry of X3P3'Y181E1 and Fo is composed of three types of subunits in a stoichiometry of a1b2c1011 (6) . Each of the genes encoding the F1 and Fo subunits of E. coli is located in the unc operon, which has been sequenced (25) .
Subunit c of Fo is a hydrophobic protein of 79 amino acids that is predicted to form a hairpinlike structure with two a-helices inserted through the membrane (2, 5, 22) . The loop portion of the hairpin is relatively polar in amino acid composition and extends from the cytosolic side of the membrane (8, 9) . Subunit c plays a key role both in proton translocation across the membrane and in the coupling of proton translocation to ATP synthesis. Aspartyl 61 at the center of the second membrane traversing helix is thought to undergo a protonation-deprotonation cycle during proton translocation (5) . Mutations changing Asp-61 to Asn or Gly abolish proton translocation (11, 12 (5, 7, 17, 19) . Substitution of Glu for Gln-42 results in total loss of coupled function (19) . Other substitutions in the conserved Gln-42 residue (e.g., Gly, Ala, or Val) lead to less severe defects in coupling (7). Substitutions of Ala or Ser for Pro-43 also lead to minor defects in coupling (17) . Since Gln-42 and Pro-43 are conserved across a wide range of species (13), we were surprised that function was largely retained in these mutants.
In this study, we have attempted to determine whether any of the residues of the polar loop region were absolutely essential for function. We Oligonucleotide-directed mutagenesis. Oligonucleotides were synthesized by the University of Wisconsin Biotechnology Center and purified by reverse-phase high-pressure liquid chromatography as previously described (17) . The synthesis procedure involved the stepwise addition of dimethyltrityl nucleotides to a solid-phase resin that had the first nucleotide of the oligonucleotide attached to it. The oligonucleotide primers Im and lwt (5'-TTGACGCGCTGC GCCTTC-3') corresponded to amino acid residues Glu-37 to Gln-42 of subunit c. The oligonucleotides 2m and 2wt (5'-CA GATCAGGTTGACGCGC-3') corresponded to amino acid residues Ala-40 to Leu-45 of subunit c. The primers designated Im and 2m were made by using "contaminated" dimethyltrityl nucleotide stocks containing 1.85% each of the three non-wild-type nucleotides, in a procedure similar to that of Derbyshire et al. (3) . For each round of nucleotide synthesis, the frequency of errant nucleotide incorporation was 1.85% x 3. At this frequency of contamination, approximately 38% of the oligonucleotides of mixed primers Im and 2m were predicted to have the wild-type sequence, 38% were predicted to contain one base change, 18% were predicted to contain two base changes, and 6% were predicted to be all other possibilities (see footnote a, Table 1 ). Because of the nature of the synthesis procedure, the first base is fixed in its sequence. The primers lwt and 2wt were 100% wild type in their sequences and were used as probes to detect mutant phage by hybridization.
The uncE M13mpl8 recombinant phage F-2 (17) was used as the template for site-directed mutagenesis by the method of Taylor et al. (24) , by using an Amersham Corporation in vitro mutagenesis kit. The Amersham protocol for mutagenesis was modified such that a template-to-primer ratio of 2:1 instead of 1:2 was used. This change was introduced to prevent wild-type oligonucleotides that were present in the mixed primers Im and 2m from preferentially binding the template to the exclusion of the mutant oligonucleotides. Phage plaques were screened by hybridization on nitrocellulose membranes (20) , by using 32P-labeled wild-type oligonucleotides (Jwt or 2wt) with washes at 25 b Of the mutants with two base changes, one (Arg-41Trp) had both changes in the same codon, two resulted in two-amino-acid changes (Asp-44Glu, Gln-42Leu; Ala-39Glu,Gly-38Val), and four resulted in one amino acid change and one silent base change. The mutant that had four base changes was a double mutant (Arg-41His,Leu-45Pro) with a silent change (Pro-43Pro).
Subcloning the uncE mutant alleles from M13 into pUC18. The BamHI-PstI DNA fragment of the mutant phage contains the uncE gene within unc nucleotides 1727 to 2376. For most mutants, this fragment was cloned between the BamHI and PstI sites of the plasmid pUC18. Alternatively, the uncE gene within the BamHI 1727-to-HpaI 2162 fragment of the unc DNA was cloned between the BamHI and HincIl sites of pUC18 in the case of mutants Pro-43Ser (a mutant in which Ser is substituted for Pro-43) (17), Pro-43Ala (17), Pro-43Leu, Asp-44Glu/Gln-42Leu, Pro-43His, and Gln42His and a wild-type control.
Complementation of an uncE amber mutation. Strain DF514 was transformed with the mutant uncE derivatives of the pUC18 plasmid. Transformant colonies were picked with a sterile toothpick and spread in patches on succinate minimal agar plates containing 0, 0.4, 4.0, or 40 ,uM isopropylthio-p-D-galactoside (IPTG). These patches were allowed to incubate at 37°C for 2 to 6 days and were scored for growth. To more quantitatively compare the growth of mutants, liquid LB cultures were grown overnight, and after dilution, 50 to 200 cells were spread onto succinate minimal agar plates. The time of colony appearance and colony size were recorded after 2 to 6 days of growth at 37°C. Cells were grouped into three categories: "like wild type" (colonies appearing by day 3 and reaching .1 mm by day 6), "nil" (no growth on succinate), and "slow growth" (colonies smaller than wild type appearing between 3 and 6 days).
RESULTS
Efficiency of mutagenesis. The procedure described above using contaminated oligonucleotide primers generated a wide range of base substitutions (Fig. 1) . Many of the mutations observed were found more than once. The two mutagenic primers, Im and 2m, gave different mutation frequencies ( Results of contaminated-oligonucleotide mutagenesis with two overlapping oligonucleotides covering the Glu-37-to-Gln-42 and Ala-40-to-Leu-45 regions of subunit c. The distribution of base changes is shown above the wild-type sense strand. Each letter represents a mutation found at that nucleotide position. The asterisk (*) above the first base indicates that the base was not mutable because it was the initial base attached to the resin. The contaminated oligonucleotide used for the mutagenesis was complementary to the sense strand sequence. Below the base sequence is the wild-type amino acid sequence and all possible amino acid substitutions that can be generated by a single base change of the wild-type codon. The boxed amino acids are those actually found and include three double mutants ( Table 2 ). The mutant Arg-41Trp is not shown because it resulted from two base changes in the same codon.
calculation (10), primer 2m was concluded to have yielded a random distribution of mutants across the sequence. This primer also gave close to the expected frequency of single, double, and quadruple mutants (Table 1) . Mutants containing up to four substitutions in the region covered by this oligonucleotide were isolated. On the other hand, the distribution of mutants generated by primer Im was concluded to be nonrandom.
Assay for function by complementation. The mutant uncE genes were subcloned from phage RF DNA into plasmid pUC18, where transcription of the cloned uncE gene would be under the control of the lac promoter. The pUC18 clones were then transformed into strain DF514 [uncE1003(Leu-4-+amber) lacI"], and the transformants were tested for their ability to grow on succinate. Translation of the uncE1003 gene in strain DF514 is terminated by the Leu-4--+amber mutation, and the lacIq gene produces lac repressor in sufficient amounts to ensure repression of the lac promoter in the multicopy pUC18 plasmid. The transformed strains were first tested on succinate minimal medium plates with various concentrations of the lac inducer, IPTG. Optimal growth of uncE+IpUC18 (wild-type) transformants occurred at IPTG concentrations of 0 and 0.4 ,uM. Growth on succinate was reduced at 4 ,uM IPTG and abolished at 40 ,uM IPTG. The same general pattern was observed for the mutant uncE plasmids that promoted growth on succinate.
Mutants that did not grow on succinate at any of the IPTG concentrations tested are designated "nil" in Table 2 . Those mutants that were capable of some growth on succinate, as measured by the patch test experiment, were grown as single colonies on succinate minimal agar plates lacking IPTG, and the colony sizes were compared with those of the wild type. In Table 2 , these mutants are grouped into two categories: those that grew as well as the wild type on succinate (designated "like wild type") and those that grew more slowly than the wild type on succinate (designated "slower"). Transformants in the slower growth category typically produced colonies after 6 days that were c0.5 mm, versus a 1.0 mm colony size for the uncE+ transformants. A few of the slower growing transformants were intermediate in size after 6 days (i.e., between 0.5 and 1.0 mm). In order to determine the sensitivity of this assay, transformants containing pUC18 clones of the Pro-43Ser and Pro-43Ala mutations were plated on succinate minimal agar plates, and their colony sizes were compared with those of the wild type. Both mutations, when present in the chromosome, result in growth yields on succinate of -90% that of the wild type (17) . When the Pro-43Ala and Pro-43Ser mutations were tested with the pUC18 complementation system described here, they both resulted in colonies smaller than did the equivalent uncE+IpUC18 plasmid (i.e., .0.5 mm versus 1.0 mm). The assay is thus sensitive enough to distinguish mutations that have relatively minor effects on growth and function.
DISCUSSION
We report here 30 new mutants with single-amino-acid substitutions between Glu-37 and Leu-45 in the polar loop region of subunit c. We conclude that Arg-41 is the only essential residue in the conserved polar loop region of subunit c. Although many of the other residues are conserved (Fig. 2) , they are not crucial. It is noteworthy, however, that even minor changes in this region resulted in impaired growth (function), so there seems to be an advantage conferred by each of the wild-type residues. A preferred sequence has clearly evolved that most likely optimizes function, even though the individual residues in that sequence are not absolutely essential for function. Since Arg-41 is clearly essential, the environment conferred by the surrounding residues may be crucial to the function. A single-amino-acid change might lead to rather small effects on function because the other residues collectively maintain the essential features of the environment conferred by the (13) , Aspergillus nidulans (13), Saccharomyces cerevisiae mitochondria (Yeast mito.) (13) , Neurospora crassa (13) , bovine mitochondria (13) , and plant mitochondria (Zea mays [4] and Petunia hybrida [27] ). results in slower growth on succinate despite the fact that Ala is found at this position in other species (Fig. 2) . A similar example has been reported by Miller et al. (18) . The replacement of Asp-61 with Glu resulted in a major decrease in function despite the fact that Glu appears at the equivalent position in all other species of subunit c. Both examples suggest that there may be complementary residues in the interacting segments of protein that place restraints on the packing around these crucial residues. Lim and Sauer (15) have studied the effects of different single, double, and triple mutations at conserved amino acid positions on the stability of the lambda repressor protein. They concluded that the effects of a given mutation are determined by the identity of the amino acids around it and were able to correlate the individual effects of the different mutations with the specific packing arrangements of the amino acids in the folded protein.
In summary, we have examined a large number of mutations in a defined, highly conserved sequence in the polar loop region of subunit c. Only Arg-41 appears to be essential. Models attempting to explain the coupling of proton translocation to ATP synthesis should include a specific role for this arginine. Mutations at other positions in the conserved polar loop region generally resulted in reduced growth on succinate. Relatively drastic changes were required to abolish growth totally. We suggest that these residues may provide a general environment for Arg-41 to fulfill its more specific role. The observation that other species have a slightly different combination of residues in the polar loop indicates that there may be more than one combination of residues with the capacity of providing that general environment. Finally, the contaminated oligonucleotide mutagenesis procedure used here offers many of the advantages of cassette mutagenesis but does not require construction of restriction sites within the gene prior to mutagenesis.
